We compute and compare the baryon asymmetry of the universe in thermal leptogenesis scenario with and without flavour effects for different neutrino mass models namely degenerate, inverted hierarchical and normal hierarchical models, with tribimaximal mixings and beyond. Considering three possible diagonal forms of Dirac neutrino mass matrices m LR , the right-handed Majorana mass matrices M RR are constructed from the light neutrino mass matrices m LL through the inverse seesaw formula. The normal hierarchical model is found to give the best predictions of the baryon asymmetry for both cases. This analysis serves as an additional information in the discrimination of the presently available neutrino mass models. Moreover, the flavour effects is found to give enhancement of the baryon asymmetry in thermal leptogenesis.
Introduction
The existence of heavy right-handed Majorana neutrinos in some of the leftright symmetric GUT models, not only gives small but non-vanishing neutrino masses through the celebrated seesaw mechanism [1] , it also plays an important role in explaining the baryon asymmetry of the universe [2, 3] . Such an asymmetry can be dynamically generated if the particle interaction rate and the expansion rate of the universe satisfy Sakharov's three famous conditions [4] . Majorana right-handed neutrinos satisfy the second condition i.e., C and CP violation as they can have an asymmetric decay to leptons and Higgs particles, and the process occurs at different rates for particles and antiparticles. The lepton asymmetry is then partially converted to baryon asymmetry by electroweak sphaleron process [5, 6, 7, 8, 9, 10] .
In order to calculate the baryon asymmetry from a given neutrino mass model, one usually starts with the light neutrino mass matrices m LL and then relates it with the heavy Majorana neutrino mass matrices M RR and the Dirac neutrino mass matrix m LR through the inverse seesaw mechanism in an elegant way. We consider the Dirac neutrino mass matrix m LR as either the charged lepton mass matrix, down-quark mass matrix or up-quark mass matrix for phenomenological analysis. The complex CP violating phases necessary for lepton asymmetry are usually derived from the MNS leptonic mixing matrix. In the present work we are interested to consider the complex Majorana phases which are derived from the right-handed Majorana mass matrix M RR , in the estimation of baryon asymmetry of the universe. We consider the left-handed light Majorana neutrino mass matrices m LL which obey the µ − τ symmetry, where tribimaximal mixings and below are realised [11, 12] , for all possible patterns of neutrino masses, viz, degenerate, inverted hierarchical and normal hierarchical mass patterns. We first parametrise the light left-handed Majorana neutrino mass matrices which are subjected to correct predictions of neutrino mass parameters and mixing angles. The calculation of baryon asymmetry may serve as an additional information to further discriminate the correct pattern of neutrino mass models and also shed light on the structure of Dirac neutrino mass matrix.
In section 2 we briefly mention the formalism for estimating the lepton asymmetry in flavoured thermal leptogenesis through the "out-of-equilibrium" decay of the heavy right-handed Majorana neutrinos and also discuss briefly on µ − τ symmetry with Tribimaximal mixings(TBM) as a special case. Section 3 is devoted to the numerical calculation and results. Finally in section 4 we conclude with a summary and discussions. Important expressions related to m LL which obey µ − τ symmetry for three neutrino mass models, are relegated to Appendix A.
Flavoured Thermal leptogenesis
The canonical seesaw formula [1] relates the left-handed Majorana neutrino mass matrix m LL and heavy right handed Majorana mass matrix M RR in a simple way
where m LR is the Dirac neutrino mass matrix. For our calculation of lepton asymmetry, we consider the model [5, 6, 7] where the asymmetric decay of the lightest of the heavy right-handed Majorana neutrinos, is assumed. The physical Majorana neutrino N R decays into two modes:
where l L is the lepton andl L is the antilepton and the branching ratio for these two decay modes is likely to be different. The CP-asymmetry which is caused by the intereference of tree level with one-loop corrections for the decays of lightest of heavy right-handed Majorana neutrino N 1 , is defined by [6, 8] 
In this section we study the flavour effects in leptogenesis [2] in the context of our neutrino mass models in [11, 12] (see Appendix A for details). Earlier leptogenesis calculations were done by studying Boltzman Equations (BE) for the B-L asymmtery. But later [13] studied flavour B − L α asymmetries where the results were significantly different from the "single flavour approximation". Subsequently many authors [14, 15, 16] have included flavour effects to enhance the baryon asymmetry in particular models. In thermal leptogenesis the importance of flavour effects comes from the wash-out effects, where scattering produces N 1 population of neutrinos at temperature T ≃ M 1 . When T drops below M 1 , this N 1 population decays to leptons and if these decays are CP violating, it can produce asymmetries in all the lepton flavours. If the interactions are "out-of-equillibrium", then the above asymmetries would survive.
In thermal leptogenesis [2] the Yukawa coupling constant related to the production of N 1 also controls the decay of N 1 . Initially it seems that both the CP asymmetries will be washed out leaving no lepton asymmetry. However, a net asymmetry survives after the potential cancellation of CP asymmetry between processes with N 1 and l α (α = e, µ, τ ) in the final state such as X → Nl α scattering and N in the initial state and l α in the final state, such as N → φl α . Only processes with l α in the final state can produce the asymmetry. There is no cancallation between asymmetries produced in the decays and inverse decays. Any initial asymmetry produced with the N population is depleted by scattering, decays and inverse decays. This depleton is called washout. The initial state of washout contains a lepton, so it is important to know which leptons are distinguishable. It is always assumed that interactions whose timescale is very different from the leptogenesis scale are dropped out from the Boltzman Equations(BE) [17, 18, 19, 20] .
In the interaction Lagrangian the different flavours are disinguished by their Yukawa couplings h α . Thus if the h α mediated interactions are fast compared to the leptogenesis scale and the universe expansion rate, these distinguishable h α will have induced differences in the thermal masses of different leptons as each of h e,µ,τ has different strengths. Thus when the charge lepton Yukawa interactions are fast then flavour basis is the correct basis for the BE, otherwise leptogenesis has no knowledge of the lepton flavour for 'slow interactions'.
In the flavour basis the equation for the lepton asymmetry in N 1 decay becomes(α = e, µ, τ ),
Thus in the strong washout case for all flavours, we obtain the baryon asymmetry i.e; baryon-to-entropy [2] ratio as,
For single flavoured case, one can consider the direction in flavour space into which N 1 decays. In single flavour case the baryon asmmetry is given by
where
The entropy density s of the universe can be related to the photon number density η γ as s = 7.04η γ . So baryon-to-entropy ratio is estimated to be around ∼ 8.74 × 10 −11 [3] .
2.1 Neutrino mass models with µ− τ symmetry: Tribimaximal mixings
The recent global 3ν oscillation analysis [21] indicates towards a specific form of leptonic mixing -Tribimaximal mixing and a slight deviation from tribimaximal mixing pattern which is a special case of µ − τ symmetry. The µ − τ reflection symmetry in the neutrino mass matrix, implies an invariance under the simultaneous permutation of the second and third rows as well as the second and third columns in neutrino mass matrices [22, 23, 24, 25, 26, 27, 28] ,
This has the permutation symmetry, P m LL P = m LL , where
Neutrino mass matrix in eq.(11) predicts the maximal atmospheric mixing angle, θ 23 = π/4 and θ 13 = 0. However the prediction on solar mixing angle θ 12 is arbitrary, and it can be fixed by the input values of the parameters present in the mass matrix. Thus
which depends on four input parameters X, Y, Z and W . This makes us difficult to choose the values of these free parameters for a solution consistent with neutrino oscillation data. This point is addressed in [11, 12] where the solar angle is made dependent only on the ratio of two parameters, η/ǫ. Such parametrization of the mass matrix enables us to analyse the neutrino mass matrix in a systematic and economical way [29] . The actual values of these two new parameters will be fixed by the data on neutrino mass squared differences. The MNS leptonic mixing matrix U M N S which diagonalises m LL is defined
From the consideration of µ-τ reflection symmetry, U M N S has the following general properties [22] ,
The MNS mixing matrix is generally parametrised by three rotations (θ 23 = π/4, θ 13 = 0):
where c 12 = cos θ 12 , s 12 = sin θ 12 . Tri-bimaximal mixing (TBM) is a special case with c 12 = 2/3 and s 12 = 1/3 [27, 28] ,
and
For completeness we also give the three neutrino mass eigenvalues [25] corresponding to the neutrino mass matrix in eq. (11),
The solar mixing angle is given by cos θ 12 =
. If X = 0, then we have a simple relation, tan 2 θ 12 = m 1 /m 2 . For Tribimaximal mixing we get tan 2 θ 12 = 0.5 , tan 2 θ 23 = 1 and tan 2 θ 13 = 0 for particular 'flavor twister' term as mentioned in details in our earlier works [11, 29] .
Numerical estimation of baryon asymmetry
For numerical calculation we first choose the light left-handed Majorana neurino mass matrix m LL proposed in Appendix A [11, 12] . These mass matrices obey the µ − τ symmetry which guarantees the tribimaximal mixings. The Dirac neutrino mass matrix m LR appeared in seesaw formula can have any arbitrary structure which either is diagonal or non-diagonal. In the seesaw mechanism, for a specific structure of m Using some left and right handed rotations, the Dirac neutrino mass matrix can be diagonalised [30] as
In terms of diagonal basis of m LR , the seesaw relation reduces to
where, M −1
It is assumed that eigenvalues of m diag LR are hierarchical (similar to quarks or charged leptons). In absence of Dirac left handed rotations [30] , we can set U L ∼ 1. For slight deviation from unity we can assume U L ≃ U CKM , where U CKM is the quark mixing matrix. Again this can be set to unity as quarks mixings are very small. This type of approximations do not produce significant change in numerical calculations. For U L ∼ 1 the eq. (23)reduces to m
where M RR is in the diagonal basis of m LR . We follow this representation in the present calculation. In some Grand Unified Theory such as SO(10) GUT , the possible structure of m LR [31] can be m LR = diag(λ m , λ n , 1)v , where v is the overall scale factor representing electroweak vacuum expectation values. In the present calculation we take λ = 0.3 and v = 174GeV . We consider three choices of (m, n) pair: case(i) (m, n) ≡ (6, 2) for charged lepton, (ii) (m, n) ≡ (8, 4) for up-quark mass matrices and (iii)(m, n) ≡ (4, 2) for down-quark mass matrices representing the Dirac neutrino mass matrix.
For our calculation we choose a basis U R where
) with real and positive eigenvalues [30, 32] . In this prime basis the Dirac neutrino Yukawa coupling becomes h = m ′ LR v [30] which enters in the expression of CP-asymmetry ǫ αα in Eq. [2] . The term h † h is in the basis where the M R is diagonal with real and positive eigenvalues. Using the relation h = m LR /v and Eq. [22] we get
where v is the electroweak vacuum expectation value(174 GeV). By this we allow the non-zero elements M i of the diagonalised RH neutrino mass matrix M 
,and we thus fix the Majorana phase Q = diag(1, e (iα) , e (iβ) ) = diag(1, e i(π/2+π/4) , e iπ/4 ) for α = (π/4 + π/2) and β = π/4. The extra phase π/2 in α absorbs the negative sign before heavy Majorana mass M 2 . In our search programme such choice of the phases leads to highest numerical estimations of lepton CP asymmetry. The corresponding light left-handed neutrino mass matrix obeying µ − τ symmetry, is collected from Appendix A as mentioned.
Results and Discussion
The numerical predictions on △m 
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and Table 2 for tan 2 θ 12 = 0.5 and 0.45 respectively. They obey µ − τ symmetry and predict tribimaximal mixings as expected. In Table 3 and Table 4 the three heavy right-handed neutrino masses are extracted from the righthanded Majorana mass matrices so constructed through the inverse seesaw formula, for three choices of diagonal Dirac neutrino mass matrices. The corresponding baryon asymmetry Y B are estimated following sections 2 and 3, for degenerate model(IA,IB,IC), inverted hierarchical models(IIA,IIB) and normal hierarchical models(IIIA, IIIB) respectively as indicated in the Tables  (5-10 ).
In these calculations we have focussed on two issues :(i) dependence of Y B on lepton flavours, (ii) dependence of Y B on type of Dirac neutrino mass matrix. We have found strong dependence on the type of Dirac neutrino mass matrix, where down-quark type mass matrix (λ 4 , λ 2 , 1)v leading to highest contribution and charged lepton mass matrix (λ 6 , λ 2 , 1)v and up-quark type mass matrix (λ 8 , λ 4 , 1)v in decreasing order with factor of 100, in all cases. The enhancement in flavoured leptogenesis is also a common feature for all cases, and such enhancement is also dependent on the type of the Dirac neutrino mass matrix.
Both normal hierarchical models(IIIA,IIIB) predict good results consistent with observations for the case with Dirac neutrino mass matrix in Table  (9-10 ). Inverted hierarchical model(IIB) with (m, n) = (4, 2) also leads to acceptable results and it is not yet ruled out. However inverted hierarchical model(IIA) is completely ruled out as seen in Table (7) (8) . The degenerate models (IA,IB,IC) with (m, n) = (4, 2) in the case of flavoured leptogenesis still show reasonable prediction in Table (5-6 ).
The present analysis is extended for µ − τ symmetric mass matrices m LL with tan 2 θ 12 = 0.45 . The analysis indicates an enhancement in the baryon asymmetry by a factor of one. In some left-right symmetric SO(10) GUT, Dirac neutrino mass matrix is considered as charged lepton type mass matrix. In such condition only normal hierarchical model leads to good prediction consistent with data.
The present analysis if considered as an additional criteria for the discrimination of neutrino mass models, may lead to normal hierarchical model as the most favourable choice of nature. This conclusion is consistent with other conditions such as stability criteria under quantum radiative corrections in MSSM. Moreover,the normal hierarchical model also leads to a good prediction with the Type II seesaw formula as well [32] . with input values: η/ǫ=0.0, ǫ=0.164,m 0 = 0.028eV . The textures of mass matrices for degenerate(IA, IB, IC), inverted hierarchy (IIA, IIB) as well as normal hierarchy (IIIA, IIIB) have the potential to decrease the solar mixing angle from the tribimaximal value, without sacrificing µ − τ symmetry. This is possible through the identification of 'flavour twister' η/ǫ = 0 [11, 12] . The values of ǫ and η for tan 2 θ 12 =0.45 are collected from [11, 12] .
